Introduction

31
A newly formed memory is initially labile, but under certain circumstances, it is consolidated into a more 32 stable long-term memory (LTM). Previous studies using various animal species have shown that 
121
( Figures 1D-G) . This is probably because temporal cry knockdown was insufficient to impaire LTM 6 since nonconditional knockdown of cry in Pdf neurons (Pdf-GAL4 / UAS-cry RNAi) resulted in severe 123 memory impairment on d 5, as was observed in cry 01 flies ( Figure 1H ).
124
In Rh7 knockdown flies, the 48-72 h RT exposure resulted in impaired LTM, indicating that Rh7 125 expression is required during the maintenance phase. However, the 24 h RT exposure immediately before 126 the test did not affect LTM. When flies were exposed to RT for 48-72 h, the targeted genes should remain 127 knocked down even after flies are returned to the permissive temperature (PT). As a result, functions of 128 the target genes should be suppressed for over 24 h during the maintenance phase. In contrast, when flies 129 were exposed to RT for 24 h immediately before the test, the genes should be suppressed during the 130 maintenance phase for 24 h or less. As shown in Figure 1A , the length of time in DD is the critical factor 131 for LTM defect: 1-d DD had no effect whereas 2-d DD led to LTM impairment. Thus, it is most likely 132 that only long-term (>24 h) suppression of the light-Pdf pathway results in impaired LTM. These results
133
support the conclusion that brain photoreceptors are necessary for LTM maintenance and Pdf neurons 134 regulate light-driven LTM maintenance.
136
Pdf expression is critical for LTM maintenance in LD
137
To demonstrate that the Pdf signaling pathway regulates light-driven LTM maintenance, we performed 
145
We next used two additional GAL4 drivers, c929 and R18F07 to further investigate neuronal cell 
159
Under the same temperature-shift conditions, GAL4 and UAS control flies still showed LTM impairment
160
( Figures 5C and D 
192
was used ( Figure 7D ). These findings indicate that Pdfr is indeed expressed in MB α/β core region.
193
To examine whether the Pdfr is required for LTM, we performed knockdown of Pdfr in
194
Pdfr-expressing neurons. The effectiveness of Pdfr RNAi was confirmed by qRT-PCR ( Figure 3D , E).
195
LTM was attenuated when Pdfr was knocked down in Pdfr::2A::GAL4-positive neurons ( Figure 8A ).
196
Furthermore, Pdfr-null mutant flies (Pdfr 5304 ) also showed severe LTM impairment ( Figure 8B ), which
197
was rescued by Pdfr expression when an MB-GAL4 line, OK107, was used ( Figure 8B ). However, when
198
the previously generated Pdfr-GAL4 line was used, the impairment was not rescued ( Figure 8B ). Using
199
an anti-Per antibody, we confirmed that GAL4-positive neurons in OK107 did not include Per-positive
200
clock neurons ( Figure 9A ). Thus, Pdfr expression in MB neurons is essential for LTM maintenance.
201
LTM was also attenuated when Pdfr was knocked down in MB α/β or γ neurons ( Figures 8C and D) . 
220
CrebB expression in MB γ neurons during conditioning, but not the maintenance phase, attenuated LTM
221
( Figures 10A-C 
230
( Figure 11A ), demonstrating that this reporter can reliably be used as an indicator of CrebB activity.
231
When naïve flies were kept in LD, robust CrebB activity was detected in MB α/β neurons, but not in MB 
238
11C). Thus, the Pdf/Pdfr signaling pathway is essential for light-driven CrebB activity in MB α/β neurons.
239
Next, the effect of 7 h conditioning on CrebB activity was examined. CrebB activity in MB α/β and γ
240
neurons increased immediately after 7 h conditioning ( Figure 11D ). This result is consistent with a 241 previous report (Ishimoto et al., 2009 ). However, no conditioning-dependent increase in CrebB activity
242
was observed during the memory maintenance phase ( Figure 11E ). 
247
The ultradian LD cycle also attenuates hippocampal long-term potentiation (Fernandez et al., 2018 
257
Here we found that the brain photoreceptors Cry and Rh7, which are essential for light-dependent 
308
Considering that flies were able to establish LTM when they were conditioned in darkness ( 
321
In nature, animals learn much from their experience throughout the day. Through their experience,
322
LTM should be formed and maintained for a long period. 
395
days after 7 h conditioning (see Figure 1A) .
397
Temporal activation of Pdf neurons
398
The temperature-sensitive cation channel TrpA1 was used to activate Pdf neurons (Hamada et al., 2008).
399
For the activation of Pdf neurons, during two days of DD (the second and third days after 7 h 
446
was calculated using data from 4-6 independent assays. The mean (± SEM) ratio was calculated using
447
data from 4-6 independent assays. The Kolmogorov-Smirnov test was used to estimate whether the data 448 are normally distributed. When the basic data or log-transformed data were normally distributed,
449
Student's t-test or one-way ANOVA followed by post-hoc analysis using Scheffe's test was used. When 450 the basic data and log-transformed data were not distributed normally, the Kruskal-Wallis test followed
451
by the rank-sum test for multiple pairwise comparisons was used. The computer software IBM SPSS
452
Statistics 22 (IBM Japan, Ltd.) was used for these tests. 
458
R55D03, and R19B03) were used in these experiments. In vitro Luc activity was measured using a
459
Luciferase Assay System (E1501, Promega). Three adult male heads were collected into a 1.5 ml 
466
(UAS-FLP/CRE>mCherry::STOP>luc), the mean normalized luminescence (mean L control ) was calculated.
467
CrebB activity index (CAI) (RLU/mg) was defined as the difference between the "mean L control " and the
468
measured luminescence in each sample in each genotype, and finally, we calculated the mean CAI. To 469 examine whether CrebB activity increases after 7 h conditioning, we measured the CAI in each sample 470 using conditioned or naïve flies (CAI Conditioned and CAI Naïve ), and then mean CAI Naïve was calculated.
471
Finally, we calculated the conditioning-dependent CrebB activity using the following formula: 
482
Because the basic data were normally distributed, Student's t-test was used for comparisons of two means,
483
and one-way ANOVA followed by post-hoc analysis using Schefe's test was carried out for multiple 
499
Quantitative analysis of Pdf immunoreactivity in l-LNvs
500
To examine whether temporal knockdown of Pdf in l-LNvs by the TARGET system inhibits Pdf 501 immunoreactivity, Pdf-GAL4/UAS-Pdf RNAi; +/tub-GAL80 ts flies were used. Pdf-GAL4/+; 502 +/tub-GAL80 ts flies were used as the control. After eclosion, all flies were kept for 3-6 days at PT, and 503 then the temperature was shifted to RT at ZT 8. After 24 h, the temperature was shifted again to PT.
504
Subsequently, we performed brain dissection for antibody staining 1 h after the temperature shift to PT 
509
When the basic data or log-transformed data were distributed normally, Student's t-test was used. When 510 they were not normally distributed, we performed the Mann-Whitney U test. 
522
The Kolmogorov-Smirnov test was used to examine whether the data are normally distributed. For 523 comparisons of two groups, when the basic data or log-transformed data were normally distributed,
19
Student's t-test was used. When they were not normally distributed, we performed the Mann-Whitney U 525 test. In multiple group analysis of data, basic data and log-transformed data were not distributed normally. 
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